Molecular ion trap-depletion spectroscopy of BaCl + 
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We demonstrate a simple technique for molecular ion spectroscopy. BaCl + molecular ions are 
trapped in a linear Paul trap in the presence of a room-temperature He buffer gas and photodis- 
sociated by driving an electronic transition from the ground X X E + state to the repulsive wall of 
the A 1 !! state. The photodissociation spectrum is recorded by monitoring the induced trap loss of 
BaCl + ions as a function of excitation wavelength. Accurate molecular potentials and spectroscopic 
constants are determined. Comparison of the theoretical photodissociation cross-sections with the 
measurement shows excellent agreement. This study represents the first spectroscopic data for 
BaCl + and an important step towards the production of ultracold ground-state molecular ions. 

PACS numbers: 33.80.-b,33.80.Gj 



Ultracold molecular ions in the rovibronic ground- 
state hold immense promise for fundamental research in 
physics and chemistry. Of particular interest are novel 
applications to quantum chemistry pQ; a better under- 
standing of interstellar cloud formation [5] and the iden- 
tification of potential carriers of the diffuse interstel- 
lar bands [3]; the implementation of scalable quantum 
computation architecture [4] ; and precision measurement 
tests of fundamental physics In pursuit of these goals, 
several groups have recently initiated work [5HH] to realize 
samples of cold, absolute ground-state molecular ions. In 
fact, Refs. [THS] have already reported the demonstration 
of species-specific cooling methods to produce molecular 
ions in the lowest few rotational states. 

While these molecular ion cooling efforts, which in- 
clude ultracold atom sympathetic cooling [BJ, rovibra- 
tional optical pumping [5] , and state-selective ioniza- 
tion [9], are diverse in approach, they share the common 
need for detailed spectroscopic understanding of diatomic 
ions. However, compared to that of neutral molecules, 
spectroscopic data for molecular ions is scarce. This can 
be attributed to the typically short lifetimes of molecular 
ions due to fast ion- molecule reactions [TU] . A systematic 
review of the available spectroscopic data for simple di- 
atomic ions was carried out by Berkowitz and Groeneveld 
[TT] in 1983. In recent years, interest has shifted towards 
large molecular ions, atomic and molecular clusters, and 
multiply charged ions [T2]. Thus, for ultracold molecular 
ion research to realize its full potential, a new effort in 
small molecular ion spectroscopy is required. 

Here, we report the use of a simple and general tech- 
nique to record the first spectroscopic data for BaCl + - 
the molecular ion we have proposed to cool in Ref. [BJ. 
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FIG. 1: (Color online) A schematic of the depletion spec- 
troscopy apparatus based on a linear Paul trap. 



As an ionically-bonded molecule composed of two closed- 
shell atomic ions, Ba 2+ and Cl~, BaCl + exhibits reduced 
chemical reactivity compared to other ions and is ener- 
getically forbidden from undergoing 2-body chemical re- 
actions with the ultracold calcium atoms used for sympa- 
thetic cooling [6j. Further, its large dipole moment and 
convenient rotational splitting are promising for cavity 
QED experiments [3]. Thus, these results are important 
not only as the demonstration of a technique for record- 
ing molecular ion spectroscopy, but also as an important 
first step towards the use and application of a generic, 
robust method for the production of cold ground-state 
molecular ions. 

Spectroscopic data is taken using a trap-depletion ap- 
proach. BaCl + ions are trapped in a linear Paul trap in 
the presence of a room-temperature He buffer gas and 
photodissociated by driving an electronic transition from 
the ground X 1 S + state to the repulsive wall of the A x n 
state. Ion trap parameters are carefully chosen to ensure 
that the photodissociation products are not trapped. The 
photodissociation spectrum is then recorded by simply 
monitoring the induced ion trap loss as a function of exci- 
tation energy. This technique, which we estimate should 
be easily applicable whenever the photofragments' mass- 
to-charge ratio differs by >15% from the parent molec- 
ular ion, may be a simple alternative to both photofrag- 
ment mass spectrometry |13j and storage ring based pho- 
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todissociation spectroscopy [13]. 

In the remainder of this manuscript, we first give a 
detailed description of the experimental apparatus and 
technique. This is followed by the presentation of the first 
spectroscopic data for the BaCl + molecular ion. We con- 
tinue with an ab initio calculation of the BaCl + molecu- 
lar structure and thermalized photodissociation spectra, 
which wc compare to the experimental observation. 

Our apparatus, shown in Fig. [TJ consists of a linear 
Paul trap housed in a vacuum chamber with a back- 
ground gas pressure of 10 -8 mbar. The ion trap is de- 
signed to allow radial loading of ions via laser ablation 
of a solid target, axial ejection of trapped ions into a 
channel electron multiplier for ion detection, and axial 
optical access for a spectroscopy beam. The ratio of the 
electrode radius r e to field radius r Q is r e /r Q — 0.401. 
A pressed, annealed target of BaCl2 mounted below the 
ion trap is ablated by a ~1 mJ, 10 ns pulse of 1064 nm 
laser radiation to create BaCl + molecular ions, which are 
trapped via the technique presented in Ref. [TS] . A sam- 
ple of Yb is mounted alongside the BaCl2 target and is 
ablated to produce and trap Yb + ions, which are used 
as a control (described later). A leak valve is used to 
insert up to 10~ 3 mbar of He buffer gas into the cham- 
ber to enhance the trapping of high-energy ablated ions 
through sympathetic cooling. The spectroscopy beam is 
generated by a frequency-doubled pulse dye laser (PDL) 
capable of photon energies up to 49, 000 cm -1 with pulse 
energies of ~1 mJ at a 10 Hz repetition rate. 

Ablation is a complicated process that creates a plume 
of atoms, molecules, and clusters in various charge states 
[IB] , all of which can potentially be loaded into the ion 
trap. For this experiment it is critical that BaCl + is the 
only ablation product stable in the trap. Further, we re- 
quire that the possible photodissociation products, i.e. 
Ba and CI ions, are not trapped. To ensure the exclusiv- 
ity of the trapping process, we record ion trap stability as 
a function of trap radiofrequency (rf) voltage and dc off- 
set voltage at a rf driving frequency of f2 = 2ir x 200 kHz. 
Based on the measurement of the trapped ion signal and 
comparison to theory |17) . trapping parameters are cho- 
sen outside the stability region of Ba + . The presence of 
singly-charged ions heavier than BaCl + is ruled out by 
the lack of significant ion detection when operating the 
trap for heavier ions. To further confirm the exclusiv- 
ity of BaCl + in the trap, the resonant excitation spectra 
[TT] of BaCl + and Yb + , both with mass to charge ratio 
of ^173, are recorded and compared. 

This work contains the only spectroscopic information 
for BaCl + beyond a prior estimate of the ground-state 
dissociation energy, D e , from a ligand field theory cal- 
culation [18], which suggests D e ss —38,500 cm -1 . Us- 
ing this energy as the minimum direct dissociation en- 
ergy, we search for photodissociation using trap-depletion 
spectroscopy. During each measurement, BaCl + ions are 
loaded into the trap via ablation, where collisions with 
the He buffer gas cool the ions' translational motion to 
^300 K in < 1 ms based on classical collision theory 
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FIG. 2: (Color online) The effect of the PDL light on BaCl + 
and Yb + . Each data point represents the mean of eight mea- 
surements with error bars reflecting the corresponding stan- 
dard error. A single exponential decay curve is fit to the 
BaCl + data to calculate the photodissociation rate. 



|19j . Next, the spectroscopy beam is unshuttered po- 
tentially photodissociating the trapped BaCl + ions into 
untrapped Ba + and CI atom fragments. After a variable 
exposure time, the spectroscopy beam is reshuttered and 
the remaining ions are axially ejected from the trap by 
grounding one of the end-cap electrodes. The ejected ions 
are then detected by a channel electron multiplier. The 
resulting ion signal is normalized to a control signal, for 
which the spectroscopy beam is always shuttered, in or- 
der to measure the fraction of ions remaining for a given 
exposure time. By repeating this procedure for a range 
of exposure times, a decay profile is measured and fit to 
a single exponential decay curve to obtain the photodis- 
sociation rate, Tprj. Typical data is shown in Fig. [2} 

To rule out systematic effects due to species- 
nonspecific loss processes, such as collisions with 
spectroscopy-beam-induced photoelectrons that result 
when scattered UV light impinges on the metallic trap 
electrodes, we also observe the spectroscopy beam's ef- 
fect on Yb + as shown in Fig. [2j For the range of photon 
energies used, we do not expect the PDL to induce a loss 
of Yb + through one-photon processes due to its high ion- 
ization potential, IP(Yb+) = 98,207 cm" 1 [20]. For all 
photon energies used, we do not observe any significant 
change in Yb + trap population, indicating the observed 
loss of BaCl + is species-specific. 

To rule out systematic effects due to species-specific 
loss processes other than direct photodissociation, such 
as multi-photon ionization of BaCl + , we measure the de- 
pendence of Tpjy on the pulse energy and find a strong, 
linear relationship, shown in Fig. [3] indicative of a one- 
photon process. This data, combined with the results 
of our ab initio calculations, confirms that the observed 
loss is due to single-photon photodissociation through the 
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FIG. 3: Measured BaCl + photodissociation rate versus PDL 
pulse energy. The linear dependence is indicative of a one- 
photon photodissociation process. Each point is the result 
of a decay rate fit shown in Fig. [2] with error bars reflecting 
fitting error. 



FIG. 4: (Color online) Experimental and theoretical cross- 
section values for the A II <— X E + transition as functions of 
the photon energy. Each data point is associated with set 
of data similar to that in Fig. [3] The theoretical curves are 
thermally averaged for temperatures of 300 K and I mK. 



A 1 ]! ^X 1 S+ transition. 

The photodissociation cross-section is calculated as 



o~pd(v) = hv- 
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where Tpo / E is the fitted slope in Fig. [3j A is the PDL 
elliptical beam area, and the average light intensity for 
the r — 10 Hz repetition rate PDL is I — rE/A. The 
measured photodissociation spectrum for a range of pho- 
ton energies is shown in Fig. [4] alongside the results of 
our ab initio calculation (described later). 

Statistical error in the measurement of the photodisso- 
ciation cross section arises from the measurement of the 
photodissociation rate and the average intensity of the 
PDL light. Error in the photodissociation rate is deter- 
mined by a nonlinear fitting algorithm and is typically 
< 10%. The error in the average intensity is experimen- 
tally manifested in the measurement of the PDL pulse 
energy (< 10%) and PDL beam area (typically 10-20%). 
Ultimately, the total statistical error for photodissocia- 
tion cross-section values is < 30%. 

The majority of the systematic error in the measure- 
ment is attributed to deviations from optimal overlap 
between the trapped ions and the PDL light, which leads 
to systematically underestimating the photodissociation 
rate. To counter this problem, we ensure to align the 
beam such that the photodissociation rate is maximized 
- however, optimization is limited by the variation in ab- 
lation yield. We estimate a total systematic error <40%. 

To interpret the recorded photodissociation spectrum 
we have calculated the ground and lowest excited elec- 
tronic potentials of the BaCl + molecular ion, see Fig. [5] 
using a non-relativistic multi-configurational second- 
order perturbation theory (CASPT2) implemented in the 
MOLCAS software suite [3T]. The potential curves rele- 
vant to the experimental observation have solid lines and 



are labeled X 1 E + and A 1 !! for the ground and first ex- 
cited states, respectively - spectroscopic constants are 
given m Tab. |lj Other X S (dashed lines) and *n (dash- 
dotted lines) potentials shown in Fig. [5] are presented for 
completeness. A detailed description of these and other 
symmetry potentials will be given in a forthcoming pub- 
lication [2"2"] . 

Using these potentials we have developed a quan- 
tum mechanical model of the photodissociation process 
BaCl + (X 1 S+,wJA/) +/«/-» BaCl+(A 1 n,£J'Af) -> 
Ba + (6s) + Cl(3p 5 ) with photon energy hv and kinetic 
energy release £ . Based on the Franck-Condon principle, 
the absorption of a photon occurs for an internuclear sep- 
aration where the kinetic energies in the initial and in- 
termediate state are the same |23j . Fig. [5] shows this 
separation by a vertical arrow for the v = vibrational 
level of the X 1 !]" 1 " state to the continuum or scattering 
states of the A 1 !! potential, leading to a Ba + ion and 
CI atom. For the photon energies used in this experi- 
ment, this is the only viable dissociation pathway. Thus, 
the photodissociation cross-section for each rovibrational 
level vJ of the X 1 E + state, assuming equal population 



TABLE I: BaCl + molecular spectroscopic constants 
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FIG. 5: (Color online) Potential energy curves of the BaCl + 
molecular ion as a function of the internuclear separation R. 
Solid, labeled curves indicate the potentials that are involved 
in the photodissociation scheme. Other 1 E + ( 1 n) potentials 
are shown by dashed (dash-dotted) lines. The vertical arrow 
indicates the A 1 IT <— X X E + single-photon photodissociation 
transition. 



in projections M and linear photon polarization, is 



E 

J 'MM' 



hv 1 
~Eu 2J+ 1 X 
\{A,£J'M'\d z \X,vJM)\ 2 
(eao/VEh) 2 



(1) 



where Eh is the Hartree, clq is the Bohr radius, 
and a is the fine-structure constant. The quantity 
(A\d z \X) / (eao / VEh) is dimensionless and contains both 
the radial and angular parts of the dipole moment. To 
evaluate the dipole matrix element, we have used a MRCI 
electronic-structure method, developed in Ref. [35] ■ For 
reference, at R e of the X 1 S + state, the dipole moment is 



~0.2 eao, which is solely due to the Ba 2+ Cl character 
of the electronic wavefunction. 

For comparison with experimental data, we thermally 
average the photodissociation cross-section as 



I^(2J + lK J (,)e-^/^), 

vj 



where Z and k are the partition function and the Boltz- 
mann constant, respectively. In Fig. [4j the agreement 
between the experimentally observed and the theoretical 
T = 300 K photodissociation cross-section is shown to 
be good, indicating that the dissociation energy, dipole 
moment, and the slope of the A state potential at R e of 
the X state potential are accurate. 

The thermalizcd photodissociation cross-section for a 
temperature of 1 mK is also presented in Fig. |4j where 
a weak dependence of the cross-section on T is evident. 
Thus, it would be difficult to use photodissociation spec- 
troscopy to probe the internal molecular ion temperature. 
However, with the experimentally verified molecular po- 
tentials we have identified a strong predissociation chan- 
nel between the first excited 1 S and A 1 !! states, which 
we are now investigating. It is expected that the rovibra- 
tional resolution afforded by predissociation spectroscopy 
will allow us to efficiently measure molecular ion rovibra- 
tional temperatures [26] , a crucial step in the demonstra- 
tion of the method proposed in Ref. [6]. 

In conclusion, we have demonstrated a simple tech- 
nique for molecular ion trap-depletion spectroscopy and 
used it to record the first experimental spectroscopic data 
for BaCl + . We have also performed ab initio calculations 
of BaCl + structure and found good agreement with ex- 
perimental data. From these results, we have reported 
the first spectroscopic constants for BaCl + and suggested 
assignments for the BaCl + molecular potentials. Finally, 
as BaCl + is a leading candidate for ultracold molecular 
ion experiments, this work represents a necessary step 
towards these important goals. 

This work was supported by NSF, ARO and MURI- 
AFOSR on Polar Molecules Grants Nos. PHY-0855683, 
PHY-1005453 and W911NF-10- 1-0505. 
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